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Introduction Repetitive Landsat-1 imagery can be used for seasonal observations of naleds on a regional scale. Although the existence of naleds on the North Slope of Alaska ( Fig. 1} has been known for some time (Le.f f ingwell, 1919), regional mapping and seasonal monitoring have not been attempted.
Here, we present a study of the distribution, longevity, and character of arctic river naleds and speculate on their causes and effects, and also their importance to human development in the region.
Icing refers to the process of progressive ice growth or accretion on a frozen surface. It is an imprecise term, in that it is also uned to designate many other phenomena of the Arctic. In reference -to arctic rivers, it has been used to designate both the processes of ice buildup and the actual body of ice thus formed (Carey, 1973) . Equivalent terms are the Russian "naled" and the German "aufeis", both of which refer to the physical feature formed. We suggest that "icing" be used for the process and "naled" for the feature formed. Thus, naleds are formed by icing.
The type of icing with which we are concerned occurs when water repeatedly or continuously emerges onto the land or ice surface during the winter periods of svibfreezing temperatures and freezes in successive layers. This water may seep from the ground, from a river, or from a spring (Carey, 1973; Anisimova et al., 1973; Hopkins et al., 1955) . Thus, naleds may be classified genetically as ground-, river-, or spring-naleds, although most result from a combination of these factors.
Russian studies (Anisimova et al., 1973) have shown that in some river basins in northeastern Siberia naleds accumulate up to 25-30% of the annual volume of river flow and up to 60-80% of the subsurface drainage. Naleds commonly form year after year in the same locations, generally with the same shape and size. River flood plains commonly are widened as spring floodwaters are forced to flow around naled mounds. The same studies also indicate that the size and location of naleds are a function of (1) discharge source (stream, groundwater, or spring), (2) hydrostatic head, and (3) geologic setting.
Naleds that appear to persist and continue to grow throughout the winter indicate usable fresh water sources (Hopkins et al., 1955) . Considering the present rapid development of the arctic region and the scarcity of fresh water, knowledge of the distribution and character of naleds could have important implications. In addition, construction projects such as roads are affected by both naturally occuring naleds and those induced by development activities (Anderson et al., 1973) . Potentially, any alteration of a balanced hydrologic-permafrost-geologic regime may induce icing conditions and cause naleds to form. In areas where naleds extend to the coast, as in the Icy Reef area (Fig. 4) , they have definite influence on the deltaic and coastal-marine processes.
Background Information
The North Slope of Alaska falls into three major physiographic provinces (Wahrhaftig, 1965; Figs. 1 and 2) : (1) the Arctic Coastal Plain, (2) the Arctic Foothills Province, and (3) the Brooks Range. The coastal plain is a broad, flat tundra surface with numerous lakes that includes the deltas and streams draining the higher terrain to the south. West of the Colville River the streams are meandering, while to the east braiding is more common..
The Foothills Province is characterized by rolling terrain with some bluffs along the river courses. Most of the known springs occur in this province, where abrupt decreases in river gradients occur. .Both the Arctic Coastal
Plain and the Foothills Province narrow toward the east, where the Brooks Rarige approaches the coast near the Canadian boundary. The Brooks Range is the source for all of the major north-flowing rivers.
The seasonal freeze-thaw cycle controls the development and dissipation of river ice in northern Alaska. All of the rivers of the North Slope flow in the zone of continuous permafrost (Walker, 1974 June, thawing proceeds rapidly, flow begins on top of river and sea ice r and eventually most of the river ice breaks up and flows downstream (Walker, 1974) . During summer, temperatures are above freezing and streamflow is unimpeded by ice.
Two conditions must be met before icing occurs and a naled forms.
First, there must be a source of flowing water beneath a surface whose temperature is below 0*C» Second, there must be a barrier to the flow of water that forces it to the surface. These barriers are commonly provided by the total freezing of the river cross section, ground freezing, or reduction in aquifer permability owing to permafrost or outcrops of impermeable strata (Sokolov, 1973; Carey, 1973) .
River naleds develop after the formation of the seasonal ice cover (Carey, 1973) . If water remains unfrozen below the ice cover in the stream channel or in an alluvial layer above the permafrost or bedrock, it will continue to flow as long as water is supplied to the system. If flow is sufficiently restricted, as by a sudden change in stream gradient, or by a decrease in the permeability or thickness of the channel fill, water is forced upward over the river ice. Continuing or subsequent overflows build sheets of fresh ice over the original naled surface. The total thickness may reach 5 to 6 metres under such conditions (Pew/, 1973; Williams, 1953 Williams, , 1970 . The scanner operates in four spectral bands: band 4, 500-600 ma (green), band 5, 600-700 run (red), band 6, 700-800 nm (visible-near IR), and band 7, 800-1100 nm (near IR). One image is taken in each band for every satellite pass.
During the summer months, bands 4 and 5 show the greatest contrast between the naleds, the unfrozen channels, and the surrounding tundra.
On these images, naleds appear white, channels and deltas are light toned, and the higher ground a darker shade (Figs. 7a, d) . During the winter, band 7 shows the greatest contrast between the naleds and the snowcovered tundra and stream channels ( East of the Colville River, most of the larger streams between the Anaktuvuk and Firth Rivers show naleds in the Foothills Province (Fig. 2) .
The larger deltas also concnonly show naleds. Fewest naleds occur in the reaches between the foothills and the river mouths. A comparison of known perennial springs (Childers et al., 1973) with the sites of river naleds shows.that all of the springs correspond to locations of naleds (Fig. 2) . Naleds may indicate other unmapped springs, especially in areas with no apparent upstream water sources (Williams and Van Everdingen, 1973) . Presumably, perennially flowing springs exist at or upstream from such naleds» This would in turn promote early icing in the following winter. Thus, » long-lived naleds may be self-perpetuating.
Naleds on the Kongakut River
The delta of the Kongakut River (Kangikat on some charts) located in the Arctic Wildlife Refuge (Fig. 2) repeatedly came to our attention during the icing study. Naleds on this river are particularly large The fact that naleds on the delta last through the summer makes them the logical sites for icing during the succeeding winter.
Climate and Naleds
In order to assess the effect of weather conditions on the size of naleds, monthly rainfall and snow accumulation data for the nearest weather station (Barter Island) were analyzed for 1971 and 1973 (U.S. Dept. Commerce, 1971 .
Heavy summer precipitation would presumably promote icing during the following winter by creating an abundant ground water supply. In contrast, the insulating effect of heavy snowfall during the early winter winter would decrease the growth rate of river ice cover, thus producing unfavorable icing conditions. Heavy snow cover late in the winter may extend the period of icing by preserving lower temperatures in the ground, but according to Carey (1973) , this insulating effect is less important than rain and snow conditions during the preceding summer and early winter.
During the two seasons studied, the influence of varied summer precipitation was apparently balanced by opposing snowfall conditions. (Figs. 6b,i; 7a,d) . In order to assess the variability in weather and icing conditions, several more seasons would have to be studied. Furthermore, considering the abundance of springs in the Arctic, the influence of seasonal variation in precipitation patterns on spring and groundwater flow needs to be evaluated. Spring discharge may be relatively constant from season to season and from year to year owing to reservoir storage. Furthermore, there may be a considerable time lag between recharge of the reservoir and spring discharge.
Discussion
'Naleds on the North Slope of Alaska are widespread but are concentrated east of the Colville River, at the heads of deltas, and where streams leave confined mountain channels. The Colville River has few naleds and almost none along the lower two thirds of its course. One might assume that there is continuous flow to the sea along the channel under the ice or within the river bed. The work of Walker and others (Arnborg and others, 1966; Walker, 1974) has indicated that the delta channels are below sea level and are connected to the sea, even at the maximum ice growth. Walker's work also shows that saline water extends upstream for 60 km below the ice cover. This would suggest either that there is no continuous source of water in the drainage basin of this large system, or that the river flow is so greatly reduced in volume and force that it can be accommodated in a thin layer between the ice.and an intruding salt water wedge. Measurements at three locations along the lower Colville above the delta showed no flow in April 1975 (Joe Childers, U.S. Geological Survey, personal comm., 1975) . This and the apparent lack of springs along this river (Fig. 2) suggests that there may be virtually no winter freshwater flow in the Colville River system. This would be significant in any search for a year-round water supply.
Pumping from a river with little or no winter recharge could result in salt water intrusion, or the depletion of stagnant freshwater pools. The Sagavanirktok River has numerous naleds (Fig. 2) Naleds on the deltas appear to be dissected readily by the seasonal river flow (Fig. 4) , although the location of the dissection may differ from year to year (Figs. 6b, c; 7a, d) . Floodwaters are often high enough to overtop the naled. The flow then seeks low areas within the naled that form the forerunners of dissecting channels.
Naleds that extend into the lagoon off the delta of the Kongakut River are bounded on the seaward side by Icy Reef, a barrier beach (Figs. 4, 6 and 7) . New lagoon ice floats during the fall freezeup; however, where it is depressed by naled tails as winter proceeds, it rests on the bottom. Subsequently, a mound of ice develops, covering the delta and lagoon (Fig. 6c) . During the flooding of the river, water flowing over this mound will bypass the delta and lagoon to a point beyond the barrier island. Since most of the river sediment load is transported at this time (Walker, 1974) , the sediments will also bypass the delta and lagoon.
During glacial episodes along the arctic coast of Alaska, the climate wa? colder and dryer (Hopkins, 1967) . Thus, it is presumed that less surface water would have been available, the flow season would have been shorter, and the depth of winter freeze greater. The latitudinal depression of isotherms suggests that naleds of the type found in the Arctic today would probably have been more widespread at lower latitudes. Naleds along the arctic coast would have been unaffected in areas where thermal springs exist. In general, naled development would probably have been enhanced by the shorter thaw season and the greater probability that naleds would last from one year to the next, but hindered by the lesser amounts of precipitation.
The map of naleds (Fig. 2) is also a map of potentially useful freshwater sources. The map may also serve as a guide in the planning of future construction, which might interact with the hydrologic regime to create problems. Naled areas indicate nearby springs that are overwintering sites for some fish species (Childers and others, 1973) -20424, 1050-20541, 1228-20435, 2147-20493, 1318-20426, 1356-20542, 1374-20541, 1390-20423, 1409-20475 . 06 JUME 73 05 SEPT 73
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